Abstract: Using the study of the low-spin complex [Fe(bpy) 3 ] 2+ in the gas phase and in condensed phases as a guideline, we examine different aspects of the application of DFT to the study of transition metal complexes in the framework of spin crossover or related phenomena.
INTRODUCTION
The electronic ground state of octahedral 4 7 3 3 d d transition metal complexes is either the high-spin (HS) state, which is characterized by a maximum number of unpaired electrons in the 3d shell and thus by the maximum value of the total electronic spin S, or the low-spin (LS) state, which, with a maximum number of paired electrons in the d shell, is associated with the minimum value of S. Given that the LS HS change of states involves the promotion of one or two electrons from the nonbonding 2 g t to the antibonding g e level, the metal-ligand bond length r will be larger in the HS state than in the LS state: HS G HL (T , P) = H HL (T , P) T S HL (T , P) (1) where HL H is the HS-LS enthalpy difference, and the dependence of the thermodynamic functions on temperature T and pressure P is made explicit. Given that T S HL < 0 , if the HS state is the quantum electronic ground state, that is, if the HS-LS zero-point energy difference E HL = E HS E LS is negative ( HL E is of the order of thermally accessible energies ( E HL ~k B T ), one can observe the phenomenon of spin crossover, that is, the entropy-driven thermal depopulation of their electronic LS ground state in favor of the close-lying HS state. The phenomenon is accompanied by a change of the optical, magnetic and structural properties of the complexes. The LS HS equilibrium can be influenced by external pressure [1] . Light irradiation can also be used to control the spin equilibrium [2] . Spin-crossover complexes and derived materials are therefore likely to be used in the design of optical devices for the storage and display of information at the molecular level. As such, they are the subject of numerous multidisciplinary studies [3] [4] [5] .
The HS fraction HS in a spin-crossover system can be obtained from spectroscopic or magnetization measurements. The knowledge of the transition curve H H = ( , ) S S T P allows to determine the thermodynamics of spin crossover [6] . The HS-LS Gibbs free-energy difference is given by:
G HL (T , P) = RT log HS 1 HS (2) and the HS-LS enthaphy difference by
The H HL values usually reported and used as estimates of HL 
E
are for ambient pressure 0 P and the transition temperature T 1/2 , which is the temperature at which HS = 1/2. That is,
E HL
H HL (T 1/2 , P 0 ) = T 1/2 S HL (T 1/2 , P 0 ) (4) complexes are diamagnetic in the LS [2] . Hence, for observing spin crossover in the temperature range from 50 to around 400 K, HL E must be in the range 0-2000 cm 1 (Eq. (4)). The numerous manners in which the amine, imine, azole or pyridine ligands can be synthetically tailored to keep HL E within the spin-crossover region largely contribute to the observed wealth of spincrossover iron(II) complexes with a 6 [FeN ] core. As discussed in details in Ref. [9] , spin crossover is well understood on the basis of ligand field theoretical considerations, but the use of accurate computational methods is required to achieve an in-depth and quantitative understanding of the involved phenomena.
Density functional theory (DFT) in its Kohn-Sham (KS) formulation [10, 11] is an efficient approach to the elucidation of the electronic structure, which finds many successfull applications in quantum chemistry and in condensed-matter physics [12] [13] [14] [15] . In DFT, the so-called exchange-correlation energy functional only needs to be appromixated. The search for accurate density functional approximations is a very active research area, wherein numerous functionals are regularly designed either nonempirically so as to satisfy as many exact theoretical constraints as possible, or by empirical fitting to accurate experimental or ab initio data. For detailed discussions of the density-functional approximation schemes, one can refer to Refs. [16] [17] [18] [19] [20] [21] , for instance. The application of DFT to the study of transition metal complexes in the framework of spin crossover have been pioneered by Bolvin [22] and by Paulsen and coworkers [23] . Since then, there has been in the field a tremendous number of investigations based on DFT. In this document, we try to give an overview which reflects the current state of the application of DFT to the modeling of transition metal complexes in the framework of spin crossover and related phenomena, using as a guideline three of our own studies on the complex [Fe(bpy) 3 ] 2+ (bpy = 2,2'-bipyridine). Although this complex is a LS complex and thus does not exhibit thermal spin crossover, it has received much attention because the HS state can be populated by photoexcitation like in spincrossover complexes so that it represents a limiting case against which to assess and extend the validity of approaches developed to deal with spin-crossover systems. [Fe(bpy) 3 ]
2+
was thus studied with regard to the mechanism of the HS LS relaxation after the photoinduced population of the HS state [24] [25] [26] [27] [28] [29] . Recently, the mechanism of the photoinduced population of the HS state following excitation into the spin-allowed metal-ligand charge transfer ( 1 MLCT) band and the accompanying structural changes have also been studied for [Fe(bpy) 3 ] 2+ in solution by ultrafast UV-Vis and X-ray absorption spectroscopies [30] [31] [32] [33] [34] [35] .
The present review is organised as follows. We first deal with the DFT study of isolated complexes (Section 2) and then with their study in condensed phases (Section 3). Finally (Section 4), we conclude by putting the emphasis on the delicate issue of the accurate prediction of transitionmetal spin-state energetics.
DESCRIPTION OF ISOLATED COMPLEXES: THE CASE STUDY OF [Fe(bpy) 3 ] 2+ IN THE FRAMEWORK OF HIGH-SPIN LOW-SPIN INTERSYSTEM CROSSING
In spin-crossover complexes, the HS state can be populated as metastable state by photoexcitation. At cryogenic temperatures, the HS LS relaxation proceeds through tunnelling and the relaxation rate can be so low that the complexes remain trapped in the HS state for up to several days. This is the phenomenon of light-induced excited spin state trapping (LIESST) [2, 36] . For first-row transition metal complexes, the HS LS intersystem crossing is a radiationless non-adiabatic multiphonon process between two distinct zero-order spin states characterised by different geometries [37] . Since the metal-ligand bond experiences the largest structural changes upon the change of spin state, the totally symmetric breathing mode is naturally taken as the reaction coordinate Q , which, for the hexacoordinated complexes of interest reads: = 6 Q r, where r is the average metal-ligand bond length. In this framework, the HS LS tunneling rate constant can be written [2, 38] (Fig. 1) . Assuming harmonic potentials and approximating these with equal force constants and vibrational frequencies , taken as the respective averages of the real LS and HS values, the Franck-Condon factor can be expressed as:
S e n
where the Huang-Rhys factor:
is a dimensionless measure of the relative horizontal displacement of the potential wells. [2] . Making use of the single-mode kinetic model with a model value of S = 45 for the Huang-Rhys factor, HL E is predicted to vary between 2500 cm 1 and 5000 cm 1 , depending on the environment of the complex (Fig. 2) . This is consistent with the fact that the complex is a LS species.
Given that no experimental structural information on the geometry of the complex in the HS state was available at the time of the study, the essential assumption made in this approach is that, for [Fe(bpy) 3 T A E ). Before going further in the presentation of the study, it is worth stressing that, due to the presence of partially filled d subshells, the description of transition metal complexes within the single-determinantal KS formulation of DFT is not self-evident. There are indeed fundamental issues in the application of the standard KS formalism to the study of open-shell systems [41] [42] [43] [44] . In the following, we give a brief overview of these issues and of DFT approaches, which have been developed to address them in an approximate or in an exact manner. This overview is not meant to be exhaustive but to help delineate the framework within which DFT is routinely applied to the study of the transition metal complexes. Detailed and critical discussions about the implications of these issues and about the formal or pratical merits of the mentioned methods can be found in the referenced articles, which may serve the interested reader as a starting point to delve into the literature on the difficulties arising from the application of DFT to open-shell systems.
In the treatment of open-shell systems within the standard spin-unrestricted single-determinantal KS-DFT formalism, the charge and spin densities generally have a lower symmetry than the interacting electronic Hamiltonian, which is invariant under the spatial symmetric group of the systems and which, assuming a nonrelativistic framework, commutes with the total electronic spin operator and is thus invariant with respect to rotations in spin space [41, 45, 46] . The symmetry of the KS Hamiltonian being given in a spinrestricted approach by the symmetry of the charge density and in a spin-unrestricted approach by the symmetry of the spin density, the KS Hamiltonians of open-shell systems do not generally have the full spin and spatial symmetry of the system and the KS wavefunctions consequently cannot be labelled according to the full symmetry group of the systems [41, 46] . The wavefunction of a multiplet state of a given spin and spatial symmetry generally cannot be given by a single determinant, even in the noninteracting case, but by a configuration state function, that is, by a symmetry-adapted linear combination of several determinants originating from the considered configuration [41, [46] [47] [48] . Furthermore, regarding the generalization of the KS scheme to the lowestlying state of each spin and space symmetry, the conventional approximate functionals do not present the required dependence on the spin and spatial symmetries [40, 41, 46] .
In practice, approximate approaches have been devised to bypass these difficulties and help achieve a description of open-shell systems from the results of standard KS-DFT calculations. These include, for instance, the multiplet sum method (MSM) of Daul [49] , which is based on earlier developments by Ziegler, Rauk and Baerends [50] , and the broken-symmetry (BS) approach of Noodleman [51, 52] . The MSM has been applied to the determination of multiplet splittings in transition metal complexes [49, [53] [54] [55] , and the BS approach is used to study the magnetic coupling in transition metal clusters and extended systems [51, 52, 54, [56] [57] [58] [59] [60] [61] [62] [63] [64] . The latter also finds applications in the description of open-shell singlet biradicals [65, 66] . Recently, extensions of the KS formalism have been developed to cope within a spin-restricted DFT framework with the situations of strong static correlation, which are met with open-shell systems and are due to near or exact degeneracies. Thus, the "spinrestricted ensemble-referenced Kohn-Sham" (REKS) method of Filatov and Shaik [67, 68] , enables one to tackle the electronic-structure problem within the desired spin and spatial symmetry, using conventional approximate functionals. In this extension of the KS formalism, the charge density of the state is given by a symmetry-adapted weighted sum of single-determinantal densities, while its energy is given by a corresponding weighted sum of singledeterminantal energies. The REKS method has been applied to the study of bond-breaking processes and to the determination of singlet-triplet energy differences in biradicals and in Cu(II) binuclear complexes [65, [68] [69] [70] [71] . We close this short survey with the symmetrized KS formalism of Görling, which allows for a proper treatment of open-shell states and especially of the lowest-lying state of each spin and spatial symmetry [41, 45, 46, 72] . In this formalism, the basic quantity is no longer the charge or the spin density but the totally symmetric contribution of the charge density of the lowest-lying state of a given irreducible representation of the point group symmetry of the considered system; the KS Hamiltonian is non-spin-polarized and totally symmetric in ordinary space; the KS wavefunctions are configuration state functions belonging to the same irreducible representations as the wavefunctions of the system; and the exchange and correlation energies are state-dependent functionals. However, while exchange can be treated exactly, accurate approximate state-dependent correlation functionals remain to be built [45, 46, 48, 72] .
Interestingly however, despite the issues briefly outlined above, conventional KS-DFT methods often allow for an accurate description of open-shell systems such as transition metal complexes [43, 64] . That is, the single-determinantal framework of the standard KS formalism is often well-suited for studying these systems and the accuracy achieved is determined by the performance of the approximate exchange-correlation functional used [43] . This is the case when dealing with spatially non-degenerate multiplets. Within the given spin multiplicity, the lowestlying state belonging to a given non-degenerate irreducible representation can be characterized by searching for the energetically lowest solution of the KS equations which belongs to the considered irreducible representation. Spatially degenerate multiplets are handled in the framework of ensemble KS DFT [13, 73] . Specifically, for a system in a g-fold spatially degenerate multiplet of total electronic spin S, the -and -spin densities are given by the respective arithmetic averages of the -and -spin densities of the g degenerate KS determinants, which span the degenerate irreducible representation and are obtained from unrestricted calculations carried out with = S M S. The spin densities have the full spatial symmetry of the system. The occupation numbers i f of the KS -spin-orbitals are given by:
where ki is the occupation of the i-th -spin-orbital in the k-th KS determinant ( = , ). The occupation numbers are fractional for the partially occupied degenerate spin-orbitals. This is the reason why the characterization of spatially degenerate multiplets requires the use of quantum chemistry codes which allow fractional occupation numbers.
For characterizing [Fe(bpy) 3 ] 2+ in the LS 1 1 A state and in the HS 5 E and 5 A 1 states, the geometry optimizations was performed with the BP86 [74] [75] [76] , PW91 [77] [78] [79] [80] , PBE [81, 82] and RPBE [83] GGAs and the B3LYP [84] , B3LYP * [85] [86] [87] and PBE0 [88, 89] global hybrids. The results showed that the metal-ligand bond experiences the largest structural change upon the change of spin-states. Furthermore, the predicted values of HL r are close to the assumed value of 0.2 Å (Fig. 3) , thus validating the extension of the single-coordinate kinetic model to the LS complex [Fe(bpy) 3 ]
2+ [39] .
[ 2+ actually undergoes a strongly anisotropic distortion, whose description requires the inclusion of at least one mode in addition to the breathing mode. The additional modes, corresponding to twisting motions from D 2d towards D 2 symmetry, are responsible for the large increase of the barrier and the concomittant decrease of the relaxation rate. The fact that the trapping of the HS state in [Fe(tpy) 2 ] 2+ is observed for the complex in some environments and not in others could be ascribed to the fact that the latter environments cannot accomodate the distortion of the complex [29] . The success met with the application of DFT to the analysis of the HS LS intersystem crossing in these LS iron(II) species follows from the ability of most functionals beyond the local density approximation (LDA) [19, [92] [93] [94] [95] [96] [97] to correctly describe the geometries of transition metal complexes in the LS and HS states [98] . 
DFT methods tend to perform reasonably well for the calculation of the vibrational frequencies of transition metal complexes. The calculations are performed within the harmonic approximation. As discussed by Paulsen and Trautwein [98] , the results are used for in-depth analyses of the infrared, Raman and inelastic neutron scattering spectra of the complexes, and also for the evaluation of their HS-LS vibrational energy and entropy differences. However, due to the neglect of the environmental effects in the calculations performed in the gas phase, significant discrepancies can be observed between calculated and experimental vibrational properties. [86, 98, 99] (Fig. 3) follow from the fact that passing from one high-spin state state to the other mainly involves an electronic rearrangement in nonbonding metallic levels of octahedral 2 g t parentage. One also notes in Fig. 3 that the HL r values obtained with the PBE0, B3LYP and B3LYP * global hybrids are slightly smaller than those obtained with the GGAs. Actually, the hybrid functionals tend to give longer metal-ligand bonds than their GGA analogues and these bonds will be longer the larger the exact-exchange contribution. The smaller HL r values obtained with the hybrids follow then from the fact that the increase of the metal-ligand distance with the amount of exact exchange is faster in the LS than in the HS state (see Fig. 8 in Ref. [39] ). Given that correlation is more important in the LS state than in the HS state, the subtle dependence of the optimized metal-ligand bond lengths on the exact-exchange contribution in global hybrids reflects the enhancement of exchange and the concomitant turning off of correlation with increasing amount of exact exchange [100] .
Spin crossover and related phenomena occur in condensed phases. However, as illustrated by the DFT study of [Fe(bpy) 3 ] 2+ in the framework of the HS LS relaxation, their computational study generally involves calculations performed on the isolated complexes in the gas phase, while the perfomances of the computational methods are assessed by comparing their gas-phase results against the experimental data. The underlying assumption is that the environment of the complexes has a weak influence on the investigated properties. For [Fe(bpy) 3 ] 2+ , this assumption holds for the determination of the HS-LS bond length difference HL r (see below). It however breaks down for the evaluation of the HS-LS energy difference, which indeed varies by as much as 2500 cm 1 for [Fe(bpy) 3 ] 2+ doped into different crystalline hosts (Fig. 3) . Nevertheless, in the absence of accurate relevant gas-phase references, the ability of the computational methods to give results close to the experimental estimates of the HS-LS energy differences remains our main criterion for assessing their performance.
As dicussed in detail in Ref. [39] , the difficulties met with the exchange-correlation functionals for the accurate determination of transition-metal spin-state energetics can be ascribed to their inability to correctly account for the variation of the exchange interaction with increasing or decreasing spin polarisation and also with significant differences in bond lengths [100, 101] . That the exchange functional is to be blamed is illustrated ( ) i by the very different results obtained with the PBE, RPBE and PBE0 functionals, which share the same correlation functional, and ( )
ii by those obtained with the B3LYP and B3LYP * hybrid functionals, which only differ by their exact-exchange contributions (Fig. 3) . The GGAs inherit the underestimation of exchange from their LDA components. Among the GGAs used, the largest gradient corrections of the RPBE exchange [83] thus explain the improved results obtained with the RPBE exchange-correlation functional. Exchange is overestimated by the PBE0 and B3LYP hybrids incorporating some 20% of exact exchange. With its 15% of exact-exchange contribution, the B3LYP * functional of Reiher and coworkers [85] [86] [87] , tailored to the spin-state energetics of other iron(II) complexes, performs better. The study of the dependence of el HL E on the exact-exchange contribution indicated that this one should effectly be reduced to some 10% in both the PBE0 and B3LYP hybrids to achieve an improved description of the spin-state energetics of [Fe(bpy) 3 ]
The detailed study of [Fe(bpy) 3 ] 2+ did not allow us to discriminate between correlation functionals with different formal properties. The rearrangement of the electronic structure upon the change of spin states mostly take place in the compact 3d shell. Therefore, the fact that exchange dominates the high-density limit [81, 82] probably explains why the limitations of the exchange functionals prove to be those exacerbated by the issue of the accurate evaluation of transition-metal spin-state energetics. The transition-metal spin-state energetics issue in DFT has been tackled by different research groups [22, 23, 55, 85-87, 98, 102-127] . However, no exchange-correlation functional has emerged so far as the functional of choice for addressing this issue, which actually also shows up with wavefunction-based methods (see Section 4).
CONDENSED-PHASE STUDIES: PROBING THE ROLE OF THE ENVIRONMENT
Achieving an in-depth understanding of spin crossover and related phenomena requires that the environment of the complexes be taken into account as accurately as possible in order to be able to get insight into the nature of the interactions between the complexes and their environment and into how the latter evolves with the change of spin states. This is discussed in the following using as examples two of our studies, which deal with the description of [Fe(bpy) 3 ] 2+ in aqueous solution and encapsulated in the supercage of zeolite Y.
Spin-State Dependence of the Dynamic and Microscopic Structure of Aqueous [Fe(bpy) 3 ] 2+
The mechanism of the HS LS relaxation is well understood in terms of a non adiabatic multiphonon process [2] . In contrast, the mechanism of the photoinduced LS HS transition remains a vivid subject of current research. It was thus recently studied in Fe(II) spin-crossover complexes [128] [129] [130] [131] [132] [133] [134] and in the LS complex [Fe(bpy) 3 ] 2+ in solution [30] [31] [32] [33] [34] 135 ] using ultrafast time-resolved optical, vibrational and X-ray absorption spectroscopies. The emerging consensus is summarized in Fig. 4.   Fig. (4) . Scheme of the currently accepted mechanism of the photoinduced spin crossover in iron(II) complexes in solution on irradiation into the 1 MLCT transition (MLCT: metal-to-ligand charge transfer; ISC: intersystem crossing; VC vibrational cooling).
Thus, upon photoexcitation into the singlet metal-toligand charge transfer ( 1 MLCT) manifold, there is a first intersystem crossing into the 3 MLCT manifold followed by a second one taking the molecule to a hot HS state. The hot HS state is formed on a subpicosecond timescale (~100 fs) and the vibrational cooling in the HS state occurs on a timescale of a few to one or several tens of picoseconds depending on the complex, the temperature and the solvent. While these studies accurately inform on the reaction coordinate of the Fe(II) chromophore upon photoexcitation, they leave open the questions regarding the structural changes undergone by the ligands, the influence of the solvent on the early evolution of the complex, the involvement of the solvent in the dissipation of the excess energy, and the response of the solvation shell to the perturbation. Answerning these questions is challenging from both theoretical and experimental points of view.
We have recently characterized the structure at room temperature of [Fe(bpy) 3 ] 2+ in aqueous solution and the organization of its solvation shell in the LS and HS states [136] . The study consisted in Car-Parrinello molecular dynamics (CPMD) simulations [137, 138] performed at 300 K with the BLYP functional [74, 139] Fig. 5 shows a snapshot 2+ , and the spin density, which is centered on the iron atom and whose shape shows that, as expected, spin polarization occurs in the frontier metallic 3d orbitals of octahedral 2 g t and g e parentage. The LS HS crossover involves the promotion of two electrons from those metallic nonbonding levels of 2 g t parentage into those antibonding of g e parentage. The analysis of the trajectories showed that the resulting weakening of the metal-ligand bonds gives rise to a lengthening of the Fe-N bonds of HL 0.2 r Å, in agreement with our gas-phase calculations as well as the experimental results obtained by Chergui and coworkers using ultrafast X-ray absorption spectroscopy [30, 33] . Fig. 6 shows the thermal distributions of the Fe-N distances in the LS and the HS states. One notes that, besides the lengthening of the metal-ligand bond, its weakening also translates into a broadening of the distribution. The fits of the distributions with Gaussian distribution functions (Fig. 6) gave average LS and HS Fe-N distances of r LS = 1.982 ± 0.056 Å and r HS = 2.173 ± 0.079 Å, respectively. The HS distribution actually presents a long tail, which was ascribed to the increased anharmonicity of the Fe-N bond in the HS states.
The weakening of the Fe-N bond proved to be also responsible for the increased thermal fluctuation of the whole molecular edifice. Further insight into the spin-state dependence of the room-temperature aqueous structure of [Fe(bpy) 3 ] 2+ could be gained from the comparison of the LS and HS aqueous structures with that of the LS The LS and HS radial distribution functions (RDFs) of the water oxygen atoms with respect to the iron atom are shown in Fig. 7 , along with the running coordination numbers. They help describe the organization of the solvent around [Fe(bpy) 3 ] 2+ in the two spin states. The two RDFs are very similar. They show a first broad peak with a maximum at 5.7 Å and a minimum at ~6.3 Å, which defines the first solvation shell, and a second one centered at ~7.6 Å, which defines the second solvation shell. These RDFs are similar to the one determined for aqueous [Ru(bpy) 3 ] 2+ [140] . That is, the short-range order of water near a [M(bpy) 3 ] 2+ complex tends to be preserved upon transmetallation or a change of spin states. In particular, the first solvation shell consists of chains of water molecules intercalated between the ligands (see the inset of Fig. 7) . For [Fe(bpy) 3 ] 2+ , the number of water molecules in the first solvation sphere was predicted to decrease from ~17 to ~15 on going from the LS to the HS state, which is supported by the results of a recent timeresolved X-ray spectroscopy study of aqueous [Fe(bpy) 3 ] 2+ [135] .
The nature of the solvent can significantly affect the thermal spin transition and the kinetics of the HS LS relaxation which follow the photo-induced population of the HS state. This strengthens the need to explicitely take into account the organization of the solvent molecules around the complexes for the study of these phenomena in solution. Therefore, in order to achieve an in-depth understanding of the spin-state dependence of the dynamic and microscopic 
Supramolecular Approach to the Study of the Influence of the Second Coordination Sphere in Inclusion Compounds
The molecular volume of [Fe(bpy) 3 ] 2+ being 20 Å 3 larger in the HS state than in the LS state, Hauser and coworkers [28] have shown that the manner in which the environment influences the spin-state energetics of the complex can be understood in terms of an internal or chemical pressure effect which destabilizes the HS state with respect to the LS state. More generally, the concept of chemical pressure was shown to provide insight into how the relative energies of the ligand-field states of the complexes [M(bpy) 3 ] 2+ (M = Fe, Ru, Co) and consequently their electronic properties can be tuned by guest-host interactions [28] . Of longstanding and widespread use in condensedmatter physics and chemistry (see, for instance, Refs. [141] [142] [143] [144] [145] , this concept helps establish a parallel between the effect of the external pressure on a property of a material and the effect on this same property of a lattice volume variation obtained by chemical changes. Still, chemical pressure is not necessarily equivalent to the external pressure [146, 147] . Most importantly, the concept of chemical pressure unfortunately does not provide a detailed picture of the involved interactions.
Inclusion compounds are very attractive materials for an in-depth characterization of the guest-host interactions at the origin of the influence of the second coordination sphere on the properties of transition metal complexes. They indeed provide well-defined, stable and rigid frameworks, with cavities of various sizes and shapes, so that the encapsulation of transition metal complexes in these cavities allows for controlled variation of their second coordination environment. This is the case for zeolites with encapsulated transition metal complexes [148] [149] [150] [151] [152] [153] . In particular, the supercage of zeolite Y, with a diameter of about 13 Å and openings of approximatively 7.4 Å [154] , allows the encapsulation of organometallic molecules of a similar size, such as tris(2,2-trisbipyridine) complexes, using a ship-in-a-bottle synthesis [155] [156] [157] @Y) have been the subject of several studies [157] [158] [159] [160] [161] . On the basis of their results, the supramolecular model of Fig. 8 was devised to get a detailed picture of the guest-host interactions in [Fe(bpy) 3 ] 2+ @Y and to get insight into their influence on the structural, Mössbauer spectroscopy and energetic properties of the complex [162] . The model consists of the complex [Fe(bpy) 3 ] 2+ and the neighboring Si and O atoms which define the supercage, and the valence of the Si atoms being saturated with H atoms. The relative orientation of the two subsystems is such that the model is of C 3 symmetry, with the trigonal axis of the complex coinciding with one C 3 axis of the supercage, which has an ideal d T symmetry. The LS and HS geometries of the model and also those of the free complex were optimized within DFT using the PBE, HCTH [163] and OLYP [139, 164] GGAs and the B3LYP * and O3LYP [164] hybrid functionals. In either spin state, the different functionals gave geometries which are very similar, like for the free complex. The optimal orientation found for the complex in the supercage helps minimize the steric repuslion between the two subsystems, with the C-H bonds of each bipyridine facing a twelve-or a six-membered opening and pointing into the void (Fig. 8) . Upon encapsulation, the complex slightly contracts and distorts for a best fit into the supercage. As shown in Fig.  9 , the distortion is more pronounced in the HS state than in the LS state, because of the larger molecular volume of [Fe(bpy) 3 ] 2+ in the HS state.
For the encaged complex, the major structural change experienced upon the LS HS change of states is the lengthening of the metal-ligand bond of HL 0.2 r Å, as for free or aqueous [Fe(bpy) 3 ] 2+ . Because of the rigidity of the host, the structural changes undergone by the supercage upon the inclusion of the LS complex are minimal and the large expansion of the guest complex in passing from the LS to the HS state hardly affects its geometry [162] . 57 Fe Mössbauer spectroscopy [165, 166] is an efficient and widely-used tool for the quantitative study of spin crossover in iron compounds [7] . It indeed gives two parameters which are sensitive to the redox state, the spin state and the bonding environment of iron sites: namely, the isomer shift , which depends on the electronic charge density at the iron nucleus, and the quadrupole splitting Q E for the 57 Fe I = 3/2 excited nuclear state, which informs about the anisotropy of the electric field gradient at the Fe nucleus. Both parameters can be determined quite accurately within DFT [98, [167] [168] [169] [170] [171] [172] [159] . Given that these parameter values are similar to those measured for [Fe(bpy) 3 ] 2+ in other environment and that Q E gives a measure of the distortion undergone by the complex upon encapsulation, these authors could conclude that the LS complex did not undergo major distortions upon encapsulation. The fact that the same conclusion could be drawn from the computational study of [Fe(bpy) 3 Making use of the Morokuma-type energy decomposition scheme implemented in the ADF program package [174] [175] [176] [177] [178] , int E was decomposed into three contributions: (1) elstat E , which is due to the electrostatic interaction between the unperturbed charge distributions of the subsystems at their geometries in [Fe(bpy) 3 ] 2+ @Y, the total electron density being the simple superposition of their densities; (2) the Pauli repulsion term Pauli E , which is reponsible for the steric repulsion between the subsystems and which is the energy change upon going from the superposition of the subsystem densities to the wavefunction that obeys the Pauli principle by the antisymmetrization and normalization of the product of the substystem wavefunctions; and finally, (3) the orbital interaction energy orb E , which is the energy gained by relaxing the electron density.
In both spin states, the guest-host interactions are stabilizing: @Y , the model of the zeolite-Y host can be refined by decorating the supercage with the neighoring sodalite cages, which may make the model more rigid, or by substituting Si(IV) with Al(III) in order to reproduce the negatively charged backbone of the host. The supramolecular approach used is of wide applicability. It can for instance be used to study how the oxidation catalytic activities of metalloporphyrins are influenced by their encapsulation in zeolites [152, [179] [180] [181] or in metal-organic frameworks [182, 183] . The underlying bonding energy decomposition scheme applies to the study of guest-host binding in self-assembled molecular coordination cages [184] [185] [186] [187] . In particular and of interest to us, it would help understand how the encapsulation of square planar Ni(II) and Co(II) complexes into such cages induces the low-spin high-spin spin crossover with no obvious changes in the coordination geometry or number, as reported by Yoshizawa, Fujita and coworkers [188] . In this case especially, and for guest-host assemblies in general, the analysis of the guest-host interactions would also benefit from the use of methods, such as the analysis of the electron density based on the quantum theory of atoms in molecules [189, 190] , the electron localization function [191] [192] [193] [194] , the electron localizability indicator [195] [196] [197] , or the maximally localized Wannier functions [198] , which allow to get an insightful picture of the nature of the intermolecular bonds in the liquid or in the solid state.
The periodic DFT study of the spin-crossover materials is necessary when molecular spin-crossover entities cannot be isolated, as in polymeric spin-crossover networks [199, 200] . It is also essential to the understanding of stacking and counterion effects [201] [202] [203] , of temperature and pressure effects [204, 205] , and of the manner in which the macroscopic properties of the materials are affected by changes, which, like spin crossover, occur at the molecular level.
CONCLUDING REMARKS: TOWARDS ACCURATE SPIN-STATE ENERGETICS
Using the study of the LS complex [Fe(bpy) 3 ] 2+ in the gas phase and in condensed phases as a guideline, we have tried to give an overview of the different aspects of the application of DFT to the study of transition metal complexes in the framework of spin crossover or related phenomena. Accurate results can be obtained for the structural, vibrational, and Mössbauer spectroscopy properties of the complexes in the LS and HS states, and also for their energetics within a given spin multiplicity. The inclusion of environmental effects in the studies is key to the understanding of the phenomena, and this can as well be accurately achieved within DFT. However, there remains the issue of the accurate determination of the energy differences between states of different spin multiplicities, which is critical since these energy differences rule the phenomena of interest.
In order to address this issue, we first and foremost need highly accurate ab initio gas-phase data against which to straightforwardly and reliably assess the performances of the DFT methods, and thus bypass the need to resort to experimental data that posssibly strongly depend on environmental, temperature and pressure effects. Furthermore, these gas-phase reference data can be included in training data sets and may thus serve to develop improved semiempirical functionals. Coupled-cluster methods are the most accurate methods to treat electronic correlation in single-reference systems and, even in their standard formulation, they can be used to reliably deal with situations of multi-reference character [206] [207] [208] [209] .
In this respect, the CCSD(T) method [210] is considered the gold standard of quantum chemistry. We have therefore undertaken the determination of highly accurate estimates of the spin-state energy differences in benchmark complexes from the results of intensive scalar-relativistic CCSD(T) (SR-CCSD(T)) calculations performed on reference geometries and extrapolated to the complete basis set (CBS) limit. [211] . These results were then used to assess the performances of the CASPT2 second-order multi-reference perturbation theory (MRPT2) method, [212, 213] and of 30 functionals of the GGA [74, 75, [214] [215] [216] , meta-GGA [217] [218] [219] [220] , global hybrid [221, 222] , range-separated hybrid [223] [224] [225] [226] [227] [228] [229] [230] and doublehybrid [231] [232] [233] [238] , mPW2-PLYP [231, 232] ), but none of them performed so accurately for both complexes at the same time. Interestingly, for the CAM-PBE0 range-separated hybrid [230] E in both complexes [211] .
For the HS-LS
This confirms that, thanks to the high flexibility of the functional forms, performing semiempirical functionals of broad applicability may be devised by including transitionmetal spin-state energetics data in the training sets. We have enriched the data set with the results obtained for the spinstate energetics of the d complexes (to be published). Furthermore, to vary the coordination spheres of the transition metal ions and thus make the data set more comprehensive, we are extending the coupledcluster study to the metalloporphyrins.
The availability of accurate benchmark data is also highly desirable because DFT methods can be used to accurately determine the spin-state energetics of complexes of a transition metal ion and of their compounds, provided that the spin-state energetics of one of these complexes are accurately known. This statement could be put on firm ground during the comparative DFT study of the complexes [Co(NCH) 6 2+ , by considering the Born-Haber cycle of Fig. 10 [239] .
The thermodynamic cycle shows that the change in the HS-LS Gibbs free energy differences of a complex upon a ligand exchange reaction:
can be determined from the knowledge of the Gibbs free energy differences 
which in the 0 T limit reduces to an identical equality between zero-point energy differences. It follows that the change in the spin-state energetics or in the thermodynamics of the LS HS equilibrium of a complex upon a ligand exchange reaction can be accurately described by any functional able to describe the thermochemistry of the exchange reaction in the two spin states accurately. As discussed in Ref. [239] , this tends to be the case for most modern functionals. The conclusion thus drawn can be readily extended to any chemical modifications which may also affect the outer coordination sphere, like for instance for [Fe(bpy) 3 2+ is usually a HS species and it can be turned into a spin-crossover complex only in tightly confining environments such as those provided by the supercages of zeolite Y [240] [241] [242] or by the cavities of three-dimensional oxalate networks [243, 244] . As for [Co(tpy) 2 ] 2+ , it is a spincrossover complex whose magnetic behavior is strongly sensitive to its environment [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] [255] [256] [257] [258] .
In summary, the results obtained for the reparametrization of the CAM-PBE0 functional and those for the HS-LS energy differences in the Co(II) complexes hold the promise that the spin-state energetics of a complex and the evolution of this one with the chemical nature of its ligands or with its environment can be accurately predicted within DFT.
CONFLICT OF INTEREST
The author confirms that this article content has no conflicts of interest. in the HS-LS Gibbs free energy difference upon a ligand exchange reaction.
